An HPLC procedure which separates D-and L-amino acid isomers was applied to an analysis of peptidoglycan of 2,4=diaminobutyric acid (DAB)-containing actinomycetes. The cell wall peptidoglycans of species of the genera Agromyces, CIavibacter and Rathayibacter contain DAB and have been differentiated principally by their menaquinone profile. These peptidoglycans are known to be identical in structure, all being of the B2y type, possessing both D-and L-DAB. The type strains of all the subspecies of CIavibacter michiganensis have D-and L-DAB in almost equal proportions in their cell wall peptidoglycan as previously reported. In contrast, the type strains of CIavibacter toxicus and all valid species of the genera Agromyces and Rathayibacter contain the L-isomer of DAB almost exclusively. This characteristic is in good agreement with phylogenetic analyses based on 165 rDNA sequences and menaquinone profiles. On the basis of these data, the transfer of CIavibacter toxicus to the genus Rathayibacter as Rathayibacter toxicus comb. nov. is proposed. The isomer profile of DAB is shown to be a good taxonomic marker to differentiate these genera.
INTRODUCTION
Many variations have been found in the cell wall peptidoglycan of Gram-positive bacteria and the characteristic diamino acids have been employed as useful chemotaxonomic markers (Schleifer & Kandler, 1972; Yamada & Komagata, 1972b) . Group A peptidoglycan, commonly found in most bacterial cell walls, contains an L-or meso-diamino acid at position 3 in the peptide subunit. In contrast, group B peptidoglycan has a characteristic diamino acid in the interpeptide bridge which connects D-glutamic acid at position 2 and D-alanine at position 4 in peptide subunits (Fiedler et al., 1970; Fiedler & Kandler, 1973; Schleifer & Kandler, 1972) . Both L-and D-form Abbreviations: DAB, 2,Qdiaminobutyric acid; FLEC, (+)-1-(9-fluorenyl)-ethyl chloroformate; GABA, y-aminobutyric acid.
The DDBJ accession numbers for the sequences reported in this paper are listed in Table 1. diamino acids have been found in group B peptidoglycan.
It is difficult to determine peptidoglycan grouping simply from amino acid composition. The tetrapeptide subunit of bacterial peptidoglycan contains peptides composed of both L-and D-amino acids. Therefore, the ability to distinguish D-and L-amino acid isomers would be of great value in the elucidation of the amino acid composition of peptidoglycan, particularly group B peptidoglycan.
The determination of amino acid isomers by HPLC has been applied to isomers of diaminopimelic acid in actinomycete taxonomy (Puchala et al., 1992 ; Takahashi et al., 1989; Tisdall & Anhalt, 1979) . It has been reported that 17 primary amino acid enantiomers can be separated by reversed-phase HPLC following precolumn derivatization with ( + )-1-(9-fluorenyl)ethyl chloroformate (FLEC) (Einarsson & Josefsson, 1987; Hayashi & Sasagawa, 1993 bacterial cell walls contains several unusual amino acids such as ornithine and 2,4-diaminobutyric acid (DAB), we have tried to apply the technique, with some modifications, to bacterial peptidoglycan analysis. The actinomycetes, with peptidoglycan containing DAB, comprise six genera: Agrococcus (Groth et al., 1996) , Agromyces (Fiedler & Kandler, 1973 ; Gledhill & Casida, 1969; Suzuki et al., 1996; Zgurskaya et al., 1992) , Clavibacter (Davis et al., 1984; Riley & Ophel, 1992) , Cryobacterium (Suzuki et al., 1997) , Leucobacter (Takeuchi et al., 1996) and Rathayibacter (Collins, 1983; Zgurskaya et al., 1993) . The genera Agromyces, Clavibacter and Rathayibacter share a common peptidoglycan structure of the B2y type as described by Schleifer & Kandler (1972) and are differentiated mainly by their menaquinone profiles (Collins, 1982 (Collins, , 1983 Suzuki et al., 1996; Zgurskaya et al., 1992 Zgurskaya et al., , 1993 , 1973; Groth et al., 1996; Hensel, 1984; Takeuchi et al., 1996) . However, no taxa have been established for these strains except Agrococcus jenensis (Groth et al., 1996) and Leucobacter komagatae (Takeuchi et al., 1996) which were proposed recently.
This study deals with the taxonomic significance of Dand L-DAB isomers in actinomycetes. Based on the data collected, together with other chemotaxonomic and phylogenetic data, we discuss the delineation of the DAB-containing genera and propose the transfer of Clavibacter toxicus to the genus Rathayibacter as Rathayibacter toxicus comb. nov.
METHODS
Bacterial strains and cultivation. Actinomycetes containing DAB in the cell wall were used in this study and are listed in Rathayibacter toxicus comb. nov. Preparation of cell wall peptidoglycan. Cell wall peptidoglycan was prepared according to the method described previously (Komagata & Suzuki, 1987) . One or two milligrams of peptidoglycan sample was hydrolysed at 100 "C with 1 m16 M HCl for 16 h. The hydrolysate was filtered and concentrated to dryness by a rotary evaporator. The residue was dissolved in 1 ml water and dried twice to remove HC1. The residue was finally dissolved in 300 pl water and used for amino acid analysis. Amino acid analysis. Amino acid compositions were determined using an automatic amino acid analyser (Hitachi model L-8 500A) equipped with an ion-exchange column (Hitachi #2620MSC). Analysis of amino acid isomers was carried out using HPLC according to the method of Einarsson & Josefsson (1 987) with some modifications. Amino acids were derivatized with FLEC to fluorescent amino acid diastereomers using the precolumn method and separated by a reversed-phase column (Pegasil ODs-3, 6 x 250 mm; Senshu Scientific). The column was eluted with a programmed gradient of 0.1 M sodium acetate buffer (pH 4.1 7)/acetonitrile/tetrahydrofuran (76 : 12 : 12, by vol.) to 0.1 M sodium acetate buffer (pH 4-46)/acetonitrile/ tetrahydrofuran (4: 3: 3, by vol.). The excitation and emission wavelengths for the fluorescence detector were 265 and 315 nm respectively. lsoprenoid quinones. Isoprenoid quinone compositions were determined by the method described previously (Komagata & Suzuki, 1987) . DNA studies. DNA was extracted by the phenol method (Saito & Miura, 1963) . DNA base composition was determined using HPLC (Tamaoka & Komagata, 1984) . Levels of DNA relatedness were determined by the method of Ezaki et al. (1989) using photobiotin and microimmunoplates. 165 rDNA sequence analysis. 16s rRNA gene sequencing was carried out by the method described previously (Suzuki et al., 1996) . The sequences determined in this study have been deposited in the DDBJ data library under the accession numbers shown in Table 1 . The phylogenetic tree was ~~~ ~ created by the neighbour-joining method using K,,, values (Saitou & Nei, 1987) . The topology of the tree was evaluated by performing a bootstrap analysis using the CLUSTAL w program (Thompson et al., 1994 
RESULTS

Amino acid composition of peptidoglycan
The molar ratios of amino acids to glutamic acid in the peptidoglycan hydrolysate of DAB-containing strains are shown in Table 2 . All the strains studied, except for those of Agrococcus and Leucobacter, had almost the same molar ratio of glutamic acid to alanine to glycine to DAB [1:(0~6-0~9):(0~9-1~1):(1*2-1~9)].
Analysis of amino acid stereoisomers
The FLEC derivatization technique made it possible to separate and identify chiral amino acids, including lysine, ornithine, diaminopimelic acid and DAB. Table  2 shows the ratio of D-to L-isomers of DAB in the peptidoglycan of the strains studied. Among the strains studied, except those of Agrococcus and Leucobacter, two types of amino acid composition were found as shown in Fig. 1 . One type contained an almost equal mix of L-and D-DAB in approximately equal proportions. In the other type the L-isomer was dominant. The alanine and glutamic acid residues from the peptidoglycan of the strains tested were exclusively Disomers.
Menaquinone analysis
The menaquinone composition of the strains studied is shown in Table 3 . Groth et al. (1996) . $ Data from Suzuki et al. (1997) .
Rathayibacter toxicus comb. nov. 
Phylogenetic analysis
A phylogenetic tree of actinomycetes with group B peptidoglycan based on 16s rDNA sequences is shown in Fig. 2 . The phylogenetic tree shows that Agromyces species and the group of C. michiganensis subspecies form independent branches at high bootstrap levels. Clavibacter toxicus JCM 966gT and Clavibacter xyli subsp. cynodontis JCM 9733T were not included in the cluster of Clavibacter michiganensis subspecies. Clavibacter toxicus JCM 966gT was closely associated with a cluster that contained Rathayibacter species at a 96 % bootstrap confidence level. CZavibacter xyli subsp. cynodontis JCM 9733T formed a cluster with ' Corynebacterium aquaticum ' JCM 1368 positioned close to the Agromyces cluster. Agrococcus jenensis JCM 9950T, Cryobacterium psychrophilum JCM 1463T and Leucobacter komagatae JCM 9414T formed a separate branch from all other clusters.
DNA base composition and DNA relatedness
As Clavibacter toxicus JCM 9669T formed a phylogenetic cluster with Rathayibacter species, the DNA relatedness of Clavibacter toxicus JCM 9669T to the type strains of Rathayibacter species was examined. The DNA base composition of Clavibacter toxicus JCM 9669T was 60 mol % G + C , whereas that of three type strains of Rathayibacter species ranged from 66 to 69 mol %. The relative levels of DNA-DNA reassociation between Clavibacter toxicus JCM 9669T and the three type strains of Rathayibacter species were less than 22 % as shown in Table 4 . The levels of similarity between Rathuyibacter iranicus JCM 930gT, Rathayibacter rathayi JCM 9307T and Rathayibacter tritici JCM 9309T ranged from 27 to 59%.
DISCUSSION
Amino acids in peptidoglycan have been widely accepted as a useful chemotaxonomic marker for Grampositive bacteria. Analysis of the isomers of amino acids has revealed further variation of peptidoglycan in the DAB-containing actinomycetes. Except for strains of the genera Agrococcus and Leucobacter, the molar ratio of glutamic acid to alanine to glycine to DAB in the cell walls of the strains tested could be summarized as 1 : 1 : 1 : 2. This result is in accordance with that of B2y-type peptidoglycan (Schleifer & Kandler, 1972) . However, among these strains, two patterns of DAB isomer composition were found in the cell wall. One type contained almost equal amounts of both D-and L-DAB, while the other contained mostly the L-isomer. aquaticum ' JCM 1368 and ' Brevibacterium helvolum ' JCM 9491 also had this type of peptidoglycan. This composition is in accordance with the B2y-type structure proposed by Schleifer & Kandler (1972) as shown in Fig. 3 . On the other hand, the L-isomer was found almost exclusively in the cell wall of all the type strains of Agromyces and Rathayibacter, and in Clavibacter toxicus JCM 9669T and Cryobacterium psychrophilum JCM 1463T. This result suggests that these organisms have a different peptidoglycan structure to the B2y type. Considering the amino acid composition, it may be that D-DAB in the interpeptide bridge might be substituted by L-DAB in the latter type. It is true that the isomer profile of DAB clearly differentiates the strains of the genus Clavibacter from those of Rathayibacter and Agromyces, though the structure has not been completely determined.
The menaquinone profile has been one of the most useful taxonomic markers for DAB-containing actinomycetes (Collins & Jones, 1980; Davis et al., 1984; Zgurskaya et al., 1992 Zgurskaya et al., , 1993 and shows a good correlation with the phylogenetic analysis based on 16s rDNA sequences (Rainey et al., 1994; Suzulu et al., 1996) . In this study, we have found that the phylogenetic clusters are homogeneous with respect to their peptidoglycan DAB isomer type. Determination of DAB isomers in combination with menaquinone composition enables us to clearly distinguish Clavibacter, Rathayibacter and Agromyces.
The genus CIavibacter
All the strains of the subspecies of Clavibacter michiganensis are characterized by the presence of both Dand L-DAB in their peptidoglycan and MK-9 as the predominant menaquinone. These results are supported by high values of DNA relatedness among these subspecies (Dopfer et al., 1982; Zgurskaya et al., 1993) and the phylogenetic analysis derived from 16s rDNA sequences (Fig. 2) . Clavibacter michiganensis subsp. michiganensis JCM 1370 contained almost equal proportions of MK-9 and MK-10 and seemed to be intermediate between the genera Clavibacter and Rathayibacter from the viewpoint of the menaquinone profile. However, the DAB isomer composition of cell wall peptidoglycan indicated that strain JCM 1370 clearly belongs to the genus Clavibacter as the phylogenetic position indicated.
While Clavibacter xyli subsp. cynodontis JCM 9733T has both D-and L-DAB in its peptidoglycan, the predominant menaquinones are MK-10 and MK-1 1. These chemotaxonomic characteristics are the same as those of ' Corynebacteriurn aquaticum ' JCM 1368 and these two taxa form an independent cluster from the genus Clavibacter in the group B actinomycetes. These results suggest that a new genus should be established to accommodate these two strains.
Clavibacter toxicus JCM 9669T peptidoglycan contains L-DAB almost exclusively and MK-10 is the pre- Zgurskaya et al. (1993) . Considering the results mentioned above, it is reasonable that the genus Clavibacter should be restricted to the organisms which have L-and D-DAB in almost equal proportions in their peptidoglycan and MK-9 as the predominant menaquinone, i.e. subspecies of Clavibacter michiganensis.
The genus Rathayibacter
The genus Rathayibacter is characterized by possessing L-DAB-type peptidoglycan and MK-10 as the predominant menaquinone.
The genus Agromyces
The cell walls of the four species and two subspecies of Agromyces contain mostly L-DAB. This genus is homogeneous in this characteristic. Although the predominant menaquinone is MK-12, the second component is different in the genus. The Agromyces strains are placed in one cluster with a high bootstrap confidence level in the phylogenetic tree.
The others
Cryobacterium psychrophilum JCM 1463T is a distinctive organism based on its obligately psychrophilic growth and cellular fatty acid composition, and forms an independent branch in the phylogenetic tree according to 16s rDNA sequence data (Suzuki et al., 1997) . This genus is characterized by L-DAB-type peptidoglycan.
Agrococcus jenensis strains have a unique cell wall amino acid composition (Table 2) and are allocated to an independent position on the phylogenetic tree (Fig.  2) . The molar ratio of amino acids in the peptidoglycan was in accordance with the data reported by Groth et al. (1996) . The major menaquinones of the genus Agrococcus are MK-11 and MK-12. Peptidoglycan with a similar amino acid composition has been reported in some bacteria isolated from biofilters (Bendinger et al., 1992) for which no taxa have been proposed.
Leucobacter komagatae JCM 9414T also has a unique cell wall amino acid composition. One mole each of Dand L-alanine, L-DAB, y-aminobutyric acid (GABA), glycine and D-glutamic acid are contained in a unit of peptidoglycan. The amino acid composition of this organism is characterized by the presence of GABA and D-alanine in the peptidoglycan.
' Brevibacterium helvolum ' JCM 949 1 contains both Dand L-DAB in the cell wall peptidoglycan and the presence of MK-9 puts it in the same group as Clavibacter michiganensis subspecies. However, 'Brevibacterium helvolum' JCM 9491 stands at a distinct position from the Clavibacter michiganensis subspecies cluster in the phylogenetic tree. 
